A wide-band high-speed data acquisition system for electrical impedance tomography (EIT) is described. 32 active electrodes are used in the system, half of them as receive electrodes and the other half as drive electrodes. A buffer is mounted on the back of each receive electrode and a current source on each drive electrode. A multielectrode system with active electrodes was built to make it convenient to attach all the electrodes on the human thorax. The system is suitable for both dynamic imaging and multifrequency electrical impedance tomography (MFEIT). Its operating frequency can be chosen between 25 kHz and 400 kHz. Current is injected sequentially into 16 adjacent current electrode pairs and the 16 voltages between adjacent receive electrodes are measured for each current injection. ECG is collected to determine the relationship between the reconstructed images and cardiac activity. The collection of one frame of data is completed within 25 ms. The system has been successfully used for imaging the variation of conductivity distribution of the human thorax. The beat-bybeat cardiac-related change of conductivity distribution has been imaged by our system. The quasi-periodic variation of the impedance distribution can be seen from the image sequence with breath-holding.
Introduction
Impedance cardiography has been used to estimate cardiac parameters such as pre-ejection period, ejection time, stroke volume (SV), etc. Its effectiveness in estimating of SV and cardiac output is controversial because in some situations there exist discrepancies between SV values obtained with impedance cardiography and other established methods. It is our aim to image the cardiac-related impedance distribution and furthermore to analyse the factors which result in the cardiac-related impedance change in the human thorax.
Compared with lung ventilation, cardiac-related change of impedance distribution is more difficult to image because the impedance change caused by cardiac activity is small and rapid. An ECG-synchronized averaging technique has been used to improve the quality of the images (McArdle et al 1988) . The details of a single beat of cardiac activity are missed by use of this method. A high-speed data acquisition system is required because the impedance distribution in the human thorax changes quite rapidly. A real-time EIT with a single operating frequency of 50 kHz has been reported, which can obtain 25 images each second (Smith et al 1995) .
Multifrequency electrical impedance tomography (MFEIT) has become an attractive research area recently because it can image static impedance distribution. Compared with single-frequency EIT, it is much more difficult to meet the requirement for the data acquisition of MFEIT. The stray capacitance between electrodes and the measuring system can cause large measurement error because the transfer impedances are measured in a wide frequency range. It is desirable that a data acquisition system can meet the requirements of both high speed and a wide frequency band. A high-speed EIT system has been developed in our institute to image the impedance distribution in the human thorax.
Principle and method
The block diagram of our EIT data acquisition system is shown in figure 1.
Active multielectrode system
Active electrodes are used to eliminate the influence of the cables between electrodes and instrument. To reduce 'cross-talk' between driving and receiving part of the system, current injection and voltage measurement are performed separately by two groups of electrodes, one group being used as drive electrodes and the other as receive electrodes. Such an arrangement can also avoid a long recovery time after electrodes are switched from currentdriving to voltage-receiving. A voltage-controlled current source is attached directly on each drive electrode and a buffer on each receive electrode. The input signals of the current sources and the output signals of the buffers, which are transmitted by screen cables, have very low source impedances. Therefore the influence of stray capacitance can be neglected. All electrodes are mounted together to form a multielectrode system (Li et al 1996) for in vivo measurements on the human thorax. This makes the attachment of electrodes very easy. Drive and receive electrodes are alternately located on a rigid circular ring belt, which consists of two semicircular parts connected with each other by a hinge. The electrodes can move radially along the axis according to the contour of the thorax. They are kept in good contact with the body surface by the force which is applied by springs between each electrode and the rigid belt. The application of the multielectrode system on the human thorax is shown in figure 2 . The electrodes are equally spaced on the ring, but on the thorax they are not equally spaced because the positions of the electrodes depend on the contour of thorax, which is not circular. On the front chest wall and the back the electrodes are relative densely placed, compared with both sides of the thorax. The thorax of a volunteer has a circumference of about 98 cm. The mean distance between two adjacent electrodes is 3.06 cm. We found the minimum distance of 2.4 cm and the maximum distance of 3.3 cm.
Current injection
Each drive electrode has a voltage-controlled current source (VCCS), the output current of which is proportional to the input sinusoidal voltage. The sinusoidal signal is produced by using EPROM and a D/A converter. The signal frequency can be chosen from six frequencies between 25 kHz and 400 kHz. Although any mode of current drive can be applied to the electrode system, only two of the electrodes carry currents at the same time in the data acquisition system at present. The current source is not floating. The currents carried by the two electrodes should have the same amplitude and inverted phase to each other. This arrangement can be easily realized by switching the inputs of VCCS to signal sources or ground. The current amplitude is 2 mA and its difference carried by the two electrodes is less than 0.1%. The drive electrode pair is activated sequentially. This is performed by the drive multiplexer, controlled by the PC.
Parallel demodulation
Parallel demodulation has been used to accelerate the data acquisition. The real or imaginary parts of the 16 voltages are detected by 16 channels of the receivers. Each receiver consists of a wide-band differential amplifier, a demodulator and a low-pass filter. Our system is designed for the frequency range from 25 kHz to 400 kHz. The wide-band differential amplifier is of high input impedance and high common mode rejection ratio (CMRR) in this frequency range. Analogue synchronized demodulators are used to detect the real or imaginary part of the measured voltages. They reduce the influence of interference signals and enhance the signal-to-noise ratio. Each demodulator consists of a high-speed switch, controlled by a synchronizing signal. The real or the imaginary part of the signal can be obtained by choosing the phase of the synchronizing signal. The synchronizing signal is provided by the signal generator. The phaseshifts of the wide-band differential amplifiers are compensated by adjusting the time delay of the synchronous signal, which is realized by programming the GAL devices used. The low-pass filter is optimized to meet the requirements for both the attenuation of the spectral component above the carrier frequency, and the settling time of the step function response. With a multiplexer and a 16-bit A/D converter, the measured voltages are sequentially delivered to a PC-486 computer and saved in its memory for image reconstruction. The main specifications of the data acquisition system are shown in table 1. The CMRR is the common mode rejection ratio with two balanced resistors of 100 on the inputs of the differential amplifier. The noise voltage V n is obtained by dividing the output noise by the gain of the amplifier. The corresponding errors of the impedance measurement R n for a drive current of 2 mA are calculated and listed in table 1. 
Data acquisition
An adjacent current driving mode was employed. The current was injected into two adjacent drive electrodes and the voltages between any two adjacent receive electrodes are measured. Then the current is switched to the next pair of drive electrodes. A time delay of 1 ms after each current switching is set to guarantee the stability of the acquired data. For one image, 16 adjacent pairs of electrodes are driven in turn and 256 measured voltages are collected. A complete frame of data for a single frequency can be collected in 25 ms, corresponding to a data rate of 40 frames/s. It takes about 150 ms to collect the data for all the six frequencies 25 kHz, 50 kHz, 75 kHz, 100 kHz, 200 kHz and 400 kHz. To determine the relationship between the images and cardiac activity, ECG was measured at each current switching. The measured voltages, together with ECG, were saved in the hard disc for off-line reconstruction and analysis.
Results

Measurements of transfer impedances on the human thorax
The transfer impedances on the human thorax can be obtained by dividing the measured voltages by the injected current. The average transfer impedances measured on the thorax vary between 100 m and 25 in the frequency range between 25 kHz and 400 kHz. Table 2 shows the measured transfer impedances at 100 kHz for two different current injections into a pair of adjacent electrodes. The numbers in the first column of the table represent the pairs of the receive electrodes. Z 0i was measured for current injected into electrode pair D15-D0 near the sternum, and Z 4i , into electrode pair D3-D4 near the left axillary line. The data for the other adjacent driving pair have the same order as these shown in the table. For a drive current of 2 mA the maximum signal-to-noise ratio (S/N) is 82 dB and the minimum S/N is 39 dB.
One of the measured transfer impedance changes (V R0−R1 /I D14−D15 ) in a time interval of 4 s is shown in figure 3 . The sampling rate is 40 s −1 and the frequency is 100 kHz. The V R0−R1 is the measured voltage between receive electrode R1 and R0 and I D14−D15 is the current applied to drive electrode pair D14-D15. This easurement corresponds to the largest cardiac-related change. The transfer mpedance change caused by ventricle contraction and blood flow are shown in this figure. The relationship between ECG and the impedance change can be seen from the two curves.
Reconstruction of the impedance distribution in the thorax
The relative change of conductivity distribution in the human thorax is imaged by use of the linear reconstruction based on a regularized Newton's method.
The system was tested with sodium alginate phantoms and lung ventilation for six different frequencies: 25 kHz, 50 kHz, 75 kHz, 100 kHz, 200 kHz and 400 kHz. Reasonable images were obtained. With breath holding, the impedance variation caused by a single beat of cardiac activity can be clearly seen and the images are reproducible. The images of the conductivity change referred to the Q wave of the ECG are shown in figure 4 . The electrodes were placed at the level of the nipples and a frequency of 100 kHz was selected. The time interval between two sequential images is 25 ms. As the reference point, the Q wave is selected by analysing the ECG which is recorded together with the impedance Figure 4 . Images of conductivity changes in the thorax of a normal subject in 1 s after the Q wave of the ECG. The time interval between two images is 25 ms. measurements. The real part of the admittance change over one cardiac cycle is shown in the images. The change is caused by cardiac activity. The conductivity distribution in the image sequence changes with the time, as we expect. Quasi-periodic change of conductivity distribution can be seen from the image sequence. The change is synchronous with the recorded ECG. The conductivity change in the middle of the ventricles is shown in figure 5 . Because of the limited local resolution, the curve shows the average change of conductivity in a region. By observing the recorded ECG and the conductivity change, it becomes obvious that the conductivity change is caused by the cardiac activity.
Discussion
Our system has been successfully used for imaging the variation of the impedance distribution in the human thorax in the frequency range from 25 kHz to 400 kHz. The reconstructed images reflect the impedance change caused by the cardiac activity and the lung ventilation. It takes about 25 ms to collect one frame of data for a single frequency. The change of the impedance distribution caused by a single beat of cardiac activity can be observed from the reconstructed images with a data rate of 40 frames/s.
The frequency range of 25 kHz-400 kHz was chosen to guarantee high speed and high accuracy of the measurements. This range might be too narrow for some applications. If the carrier frequency is reduced, the time to get a stable measurement increases. As a consequence the data acquisition speed has to be reduced. On the other hand, the error caused by the switch demodulator increases with the frequency. The demodulator can work well up to 1 MHz. The frequency can be extended from 10 kHz to 1 MHz without much loss of speed or accuracy. If the signal frequencies are expected below 10 kHz or above 1 MHz, the data acquisition system has to be modified to get the same accuracy and speed of data acquisition.
The noise level and resolution of the images depend not only on the data acquisition system, but also on the reconstruction algorithm. The resolution can be enhanced by increasing the number of electrodes. But this causes a drop in the signal amplitude and as a consequence a decrease in the signal-to-noise ratio if the noise of the instrument is not reduced. As a result the noise level in the images increases. The noise level and the resolution of the images can be improved by adjusting the reconstruction algorithm. To evaluate our EIT system, a circular alginate phantom was employed. The mean square root of the noise level is less 0.2% for the differential image reconstructed from two successive measurements on the phantom. The local resolution depends on the position of the region of interest. At the edge of the phantom the resolution is about 7% of the diameter. In the centre the resolution is only about 10% of the diameter.
The maximum change of the conductivity (the real part of the admittance) in the ventricle region is over 40%, which is obviously higher than the values reported by other investigators. One of the important reasons is that a regularized Newton's method was used for the reconstruction. This method leads to better approximations for large impedance changes than the filtered back-projection method proposed by Barber and Brown (Barber and Brown 1990) .
The cardiac impedance imaging is based on the impedance difference of the different tissues in the thorax and the variation in distribution of some tissues with time. Blood has a conductivity of 0.67 S m −1 and, heart muscle 0.17 S m −1 . Blood ejection results in a decrease of the conductivity in the corresponding region of the ventricle if the data near Q wave are taken as reference. This is because the ventricle has maximum blood volume at Q and the heart as a whole has relatively high conductivity. After the blood is pumped out from the heart the conductivity in the region drops. The impedance change caused by the blood circulation in the lung cannot be seen in the images because this change is much smaller than that in the heart region. The value of the impedance change in the heart region should depend on the volume of blood ejected. The stroke volume may be estimated by integrating the impedance change of the cross section of the heart. The exact relationship between the stroke volume and the image of conductivity change has to be investigated. The time interval parameters for the blood ejection can be determined by analysing the reconstructed image sequence.
